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Abstract

Control computersystemsfor automaticlogisticsystems
containreactivemodules,which are usuallytestedon-site,
in conjunctionwith the real environment. This leads to
high testcostsand unsatisfactorytestcoverage. Environ-
mentsimulationmodelsoffer an executionenvironmentfor
customizable, in-housetesting. Architecture and process
modelof WATIS2, a flexible, efficient and expansibleen-
vironmentsimulationsystemfor automaticlogistic systems
are presented. Experimentsin an industrial environment
showa high modelreuserate and a significant improve-
mentof baselinesoftware developmentregarding software
quality andprojectcost,in this way justifyinga systematic
applicationof WATIS2.

1. Introduction

Centralcontrol computersystemsof automaticlogistic
systemsarecomplex softwaresystemsimplementingawide
variety of functions like database,user interface,and re-
active modulescontrolling underlying transportfacilities.
After investigationof the peculiaritiesof software devel-
opmentin this domain,environmentsimulationpromises
a major improvementof the softwareprocessof the reac-
tive softwareparts. The ideaof environmentsimulationis
to substitutethe physicalplantby a simulationmodelof it
(Fig. 1), in this way raising test and productquality, and
saving costsof on-sitestaysaswell.

Thearchitectureof WATIS2, aflexible andefficientenvi-
ronmentsimulationsystemfor systematicapplicationin the
softwaredevelopmentof automaticlogistic systemsis pre-
sented,togetherwith a processmodel for integration into
thedevelopmentprocessof thebaselineprojects.

The resultsof WATIS2 applicationexperimentsin in-
dustrial projectsare presented,showing an efficiency of
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Figure 1. Envir onment sim ulation for software
testing

modelgenerationandasignificantimprovementof baseline
projectdevelopmentin termsof timeandquality. Takento-
gether, thesystematicapplicationof WATIS2 seemstechni-
cally aswell aseconomicallyjustified.

2. Application domain and motivation

2.1. Automatic logistic systems

Automatic logistic systemstypically consistof storage
components(racks)anda setof automatictransportmeans
like conveyors, lifting units and mobile subsystemslike
rail-guidedstacker cranes,AGVs (automaticguidedvehi-
cles), etc. Thesecomponentsoften containa local PLC
(programmablelogic controller) which controls transport
unit movements,componentoperationmode, local trans-
port job activation. Additionally, thesecontrollersprovide
a communicationinterfaceto a coordinatingcontrol com-
putersystem.
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Figure 2. Contr ol architecture of automatic lo-
gistic systems

Control computerfunctions include databaseservices,
userinterfaces,couplingto enterprisecomputingsystems,
and,of course,coordinationof thetransportfacilities(con-
trolling, tracking,synchronization,reactionto failures),as
well asglobal throughputoptimization(transportschedul-
ing,warehousemanagementstrategieslikeadaptivestorage
allocationandpriority policies).

To sumup, in theautomaticlogistic systemsdomainwe
find distributed,hierarchicalsystems,which areembedded
in thecustomer’sflowsof goodsanddata(Fig. 2).

2.2. Software lifecycle of control computer systems

Controlsystemsoftwarefor automaticlogisticsystemsis
typically developedaccordingto a definedlifecycle model
conformingto a quality managementsystemlike ISO 9000
[12]. Variantsof the well known waterfall modelare fre-
quentlyused.

It turnsout that,dueto on-siteactivities, testandinstal-
lation phasesconsumea large shareof the total software
projectbudget.Closeto 50% havebeenreportedfor anap-
plicationof a ”standardizedsoftwaresystem”[15] (project
duration1 yearuntil installation,20% installation,plushalf
ayeartuningandadaption,noexplicit datafor test).This is
well at the uppermargin of testandinstallationefforts for
softwarein general(15-50% [2]).

High effort for testandinstallationappearsto besystem-
atic for softwarein this applicationdomainfor variousrea-
sons[17]. Thesearepartly relatedto therequiredsoftware
functionality:

Software Reuse. Control functionsdependheavily on the
site layoutandcustomerneeds.They canberegarded

uniquelyfor eachproject. Transportfacilitiesandve-
hicles are often customizedas well. This leadsto a
ratherlow softwarereusefactorof 20-30% [7] in con-
trol computersoftware developmentwhich againin-
creasestheeffort spenton testing.

Reactive Software Parts. The control processesarereac-
tively coupledwith theunderlyingautomaticfacilities.
Testingof thesesoftwarepartsdependsheavily on the
availability of the latter. As software and transport
equipmentis often developedconcurrently, targeting
at a projectdeadline,testingof reactive functionsof-
ten hasto bepostponedto a latephasein theproject.
Furthermore,it introducesadiscontinuityto thedevel-
opmentprocess,asfrom thetestphaseonward,project
evolution continueson-site.Evenstepsbackto earlier
life-cycle phases,especiallyto implementationphase,
occuron-site,in anexpensiveenvironmentmostlynot
well suitedto softwaredevelopment.

Load Tests. Test and tuning of throughputoptimizations
require the basic control of underlying facilities to
be fully functionalandan operatingconditionof the
warehousesystemnearmaximumload. Besideslong
testruns,presentingahigh loadin termsof goodsflow
is difficult to achieve andoften impossiblein prepro-
ductionphases.

Long Settling Time. Test and tuning of (probably adap-
tive) warehousemanagementstrategies require even
longer”test” runsandarealmostcertainlyonly possi-
ble in theproductive environment:settlingto a stable
operatingconditionrequiressometime in the magni-
tudeof a completeturnaroundof goodsin the ware-
house.Evenworse,themostlikely situationto seein
theinstallationphase,theinitial filling of awarehouse,
definitelyis a transientsituation.

Anothersetof causesarisesout of thereality of project
management:

Limited Testing Time. As alreadystated,exclusive tests
in conjunctionwith therealfacilitiesareonly possible
for a shorttime at a latestagein theprojectrun. This
period then is often only sufficient to test andverify
protocols,tracking of goods,basiccontrol and reac-
tionsto equipmentfailures,in thisway leadingto poor
testcoverage.Extensiveregressiontestingis normally
farbeyondtheavailabletimebudget.

Large Scale. Dueto the distributednatureof logistic sys-
temsit is noteasyto overlookall partssimultaneously.

Slow Physical Movements. Physicaltransportmovements
areslow comparedto controlcomputerreactions.This
often implies long waiting time beforean interesting
testcasecanbewatched.



Risks. Undoubtedlythere are risks for goods and even
workersduringon-sitetestandinstallationphases.

For their high contribution to projectcosts,the testand
installationphasesare the most promisingcandidatesfor
improvementsregardingcostandtime savings, aswell as
quality improvementsin control computersoftwaredevel-
opment.

2.3. Environment simulation

Theintroductionof environmentsimulationseemsto be
apragmaticchoiceto improveespeciallythetestandinstal-
lationphasesin logistic controlsoftwaredevelopment.The
ideaof reactively couplingthecomputersystemundertest
to an executablemodel of its environment(Fig. 1) to en-
ablecertaintest scenariosis not new. Myers [20] reports
environmentsimulationusefulfor loadtests,testscenarios,
which aredifficult to establishin reality, andsystemstests
of highly safetycritical systemslike nuclearreactors,etc.

Regarding the characteristicsof software development
for automatic logistic systems,environment simulation
promisesimprovementsof testandinstallationby

� shifting on-site test activities to an earlier, in-house
phase,in this way significantlycutting expensive on-
sitestays,

� bettertestcoveragedueto earlierandmoreintensive
testsresultingin bettersoftwarequality,

� fastertransportmovementsenablingtestsof optimiza-
tion andlong termadaptivestrategies,

� easierarrangementof testsituations,
� betterinsightto systembehavior throughvisualization

andanimation.

In this logistic biasedsoftware engineeringarea,envi-
ronmentsimulationhasbeenusedpunctuallywith avariety
of objectivesandat differentlevels:

Fastabend[6] usesa productioncontrol systemin con-
junctionwith thecorrespondingenvironmentsimulationfor
staff trainingwith hands-onandwhat-if experience.

UnthankandFletcher[25] usea modelof a logisticcen-
terto testadecisionsupportsystemwhichdesignsthehigh-
level interfacebetweenthe logistic centerandothercom-
pany systems.

Ottjes and Hogedoorn[21] usesimulationof a multi-
AGV systemto developandtestacontrolstrategy, andthey
reusetheir modelto controlandmonitortheAGVs in real-
time.

PrinzandLiebe[22] useenvironmentsimulationfor lay-
outoptimization,controlsystemdemonstration(marketing)
andtestingof customer-specificextensionsof acontrolsys-
temfor a flexible productionsystem.
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Figure 3. WATIS2 modeling layers

Mostof theseenvironmentsimulatorsarehighly special-
ized systemsandwereprimarily usedfor a singleproject.
A similar situationcanbe found in otherareaslike thede-
velopmentof productsfor the massmarket (e.g. Honka’s
mobilephonehardwaresimulator[11]), andin thedevelop-
mentof large,complex systemslikenuclearreactors,etc.

Thus,flexibility andexpansibility of theseenvironment
simulationsystemsprobablywere intended,but have not
beenmainprojectgoals. Theeconomicaspectof environ-
mentsimulationsystems,in particularthemodelingeffort,
is hardlyeveraddressed.

3. The environment simulation system WATIS2

The environment simulation system WATIS2

(Warehouse Test and Integration Simulation System)
has been designedfor systematicalapplication in and
integrationinto thelogistic controlsystemdevelopment.In
this context, not only correctnessandaccuracy of WATIS2

modelsare necessary, but also an economicjustification
has to be given. Hence, the requirementsflexibility ,
expansibility and modeling efficiency have to be added.
Additionally, a processmodel has to be defined, which
integratessimulationrelatedactivities and control system
development.

3.1. Simulation model architecture and process

In order to meetthe statedrequirements,WATIS2 uses
a layeredmodel architectureconsistingof an application
layer, a componentlayer, anda developmentlayer (Fig. 3,
[18]). Theselayersdeterminenot only the internalarchi-
tectureof WATIS2 models,but alsotheintegratedmodeling
process(Fig. 4, [17]) andthemodeler’s role in thedifferent
layers.

A ”logistic domainexpert” buildsapplicationmodelsby
combininginstancesof verified,parameterizedmodelcom-
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Figure 4. WATIS2 integrated process model

ponentobjectsaccordingto the plannedsite layout, here-
with mimicking the constructionof the physical logistic
system(c.f. Fig. 1). Thesecomponentsmodel the behav-
ior of high-level logisticdomainobjectslikestackercranes,
conveyor segments,etc.

New componentsaredevelopedby a”simulationexpert”
accordingto thepathshown in Fig.4,startingfromthecom-
ponentspecification. Componentsmodel transport,con-
trol andcommunicationbehavior, andincludevisualization
andcommunicationinterfaceto the control computer. As
the componentstructure(Fig. 5, notationfrom [23]) indi-

cates,communicationobjectswith predefinedcommunica-
tion patternsareusedfor all externalandinter-component
interfaces(transportsynchronization,etc.).Thisguarantees
smooth componentcombinationin the application layer
[18]. Componentvalidationhasto be postponedto the in-
stallationphaseandlater, becausethe correspondingreal-
life entity is only availablefrom thenon. WATIS2 compo-
nentobjectsarecollectedin alibrary for reusein furtherap-
plicationmodels.With this approach,the componentpool
canbeeasilyextendedondemand(c.f. Fig. 4).
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The developmentlayer provides infrastructurefor the
mentionedactivities, e.g. tool support,designrules and
verified communicationclassesfor coupling components,
modelingtools,aswell asmodelsandcontrolsystems.

3.2. Modeling domains and tools

In orderto supportmodelingandverification,controlas-
pectsandtransport/storageaspectsareseparatedandmod-
eledwith different,domain-adaptedmethodsandtools.The
modelpartsthenareconnectedasynchronouslythrougha
tool- andplatform-independentcosimulationinterface[16].

For spatial domainmodelingthe discreteeventsimula-
tion languageMODSIM [4] hasbeenchosen. MODSIM
canbe characterizedasmodular, object-orientedprogram-
mingandsimulationlanguagetogetherwith asimulatorker-
nel, integratedvisualizationandanimation.

Control domain functionsinclude communicationpro-
tocols, transportjob scheduling,operationmodemanage-
ment,etc.A high-level graphicalformalism,statecharts(an
extensionto finite statemachines,[9]), is usedfor the de-
scription of behavior in this domain. The tool Statemate
[8, 10] implementsthe statechartsspecificationtechnique
and addsactivitycharts for functional structuring. Static
(syntax,typeandconsistency checking)anddynamicveri-

fication(execution,chartanimation,variabletracing,racing
conditiondetection)is supported.

4. WATIS2 application and experience

First experimentshave beenconductedin cooperation
with anindustrialpartner(SalomonAutomationGes.m.b.H,
8114Stübing,Austria). In the initial phase,selectedcom-
ponentsusedin automatedpallet logistics– racks,stacker
cranesandconveyors– havebeenmodeledasWATIS2 com-
ponents.Thesecomponentshave thenbeenusedfor build-
ing fivedifferentapplicationmodelssofar.

4.1. Modeled components

Modeledrack elementsoffer anumberof parametersfor
rackstructure,physicaldimensionsandcoordinates.Rack
elementsactasstoragefor palletobjectswhich in turnhave
contentand size attributes. Snapshotsduring simulation
runsarepossible,so that certainsituationscanberestored
latereasily.

Stacker cranesfeaturestructuralparametersdetermining
numberof lifts, numberof forksperlift andpalletpositions
per fork, whereeachpositioncanhold onetransportunit.
Thesesubsystemscanbefurtherspecifiedby staticanddy-
namicmechanicalparameterslike coordinates,size,speed,
acceleration,etc.

Tracks for the (rail-guided) stacker cranesare formed
from acombinationof linearsegments,bendsandswitches.

Conveyor componentscomprisea catalogof linear seg-
ments,crossings,turntables,etc. They all usethesameba-
siccommunicationclassesfor thesynchronizationof trans-
port unit hand-over(Fig. 5) to ensurethatcombinationsare
cooperatingcorrectly.

As a very first encouragingresult,in thecourseof cap-
turing the protocolandschedulingbehavior of the stacker
craneswith the statechartsformalism, inconsistentand
missingitemsin theirspecificationhavebeenidentifiedand
led to their correction.

4.2. Application models

Five WATIS2 applicationmodelshave beenbuilt so far
to study modelingflexibility , accurateness,efficiency and
impactto thecontrolsystem’sdevelopment:

Project A consistsof an approx. 6000pallet warehouse,
2 stacker craneswith 2 lifts eachon a commontrack,
andanI/O conveyor system.This wasthefirst model
built whenits physicalcounterpartwasalreadyin op-
eration. Its primary usewas to gain experiencewith



ApplicationModel Components Reuse

Group Plant Conveyors Racks/Cranes Protocol reused extensions
Type Configuration C-code MODSIM+ estimated

manual generated STATEMATE %

Project
A 120 500 13000 150 10000 100 91
B 80 0 12500 150 10000 0 97
C 50 0 60000 150 10000 80 97
D 50 400 6500 150 10000 150 93
E 20 50 0 150 10000 20 97

Table 1. Model construction effor ts and estimated reuse factor (appr oximate number of code resp.
configuration lines)

the WATIS2 framework, develop the mentionedcom-
ponentsand validate them throughcomparisonwith
theexisting reality.

Project B hassimilar sizeandcharacteristics,but features
a rail systemwith loopsanda morecomplex conveyor
system.

An environmentsimulationmodel was available for
useon a voluntarybasisduringcontrol systemdevel-
opment.

Project C hasa FIFO orientedmulti-channelstoragerack
with differentchannellengthswith a total capacityof
20000palletswith 3 separatedstackercranes.

Again, themodelwasvoluntarily usedin thebaseline
softwareproject.

Project D is a 3-cranewarehousewith a complex con-
veyor system.Environmentsimulationwasemployed
in softwaretestingin aplannedwayandintegratedac-
cordingto Fig. 4.

Project E wasmodeledprimarily for layoutplanningpur-
posesof a performancecritical conveyor system. In
the caseof realizationof this project it is intendedto
reusethisapplicationmodel.

For a roughcomparisonof theseprojectsandanestima-
tion of the reusefactor in WATIS2 models,the figuresin
Table1 have beencollected. As a commonbasisfor this
estimation,the sizemetric ”line counts”hasbeenadopted
togetherwith heuristicconversionrulesfor codelines,stat-
echarts,andconfigurationlines[14].

Global plant configuration,conveyor configurationand
small C-codeadaptionsfor binary telegram convertersas
well asextensionsto existing componentswerecountedas
applicationspecificmodelingeffort, whereasexisting com-
ponentsmake up thereusedportionof themodels.Config-
urationof racksandstacker cranesis automatedandthere-
forehasnotbeentakeninto accountat all whencalculating

aneffort-focusedreusefactor. For the five modelsA to E,
Table1 thenshows an estimatedreusefactorgreaterthan
90 % in eachcase.

Experiencehasshown that,with the useof the existing
WATIS2 componentlibrary, a completewarehousemodel
canbeconfiguredin 1-3 days,dependingon sizeandcom-
plexity. Conveyors take approximatelytwice as long to
modelasracksandcranes.

4.3. Impact on control software lifecycle

To study and measurethe impact of the presented
methodto thebaselinesoftwaredevelopmentprocess,soft-
ware processmetric acquisitionand presentationsystem
hasbeendeveloped[13] using the Goal-Question-Metric
(GQM) methodof Basili and Rombach[1]. Much effort
hasbeenput into automaticraw metric collectionandthe
metric presentationin the company’s intranet. The metric
setincludes:

� durationsof baselineprojectdevelopment,

� softwarechangecountpermodule,phaseandproject,

� simulationusagecountandduration.

Table2 showsacollectedphasedurationmetricsfor nine
automaticlogistic softwareprojects.Testsof projectsB, C,
D have beensupportedby WATIS2 models,projectsU to Z
hadno environmentsimulationsupport. Whereasmostof
the latter typically show on-sitetime around50 % of the
total projectduration,all of theWATIS2 supportedprojects
arewell below 30 %, apparentlydueto bettersoftwarema-
turity in theon-sitephases.Shorteron-sitestayscanbealso
regardedassubstantialoverall savings, sinceenvironment
simulationmodelbuilding took a few daysonly - in terms
of totalprojectdurationslessthan3 %.
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U 11 76 4 35 34 160 43
V 32 35 63 18 404 552 76
W 94 59 32 42 175 402 54
X 142 47 56 53 212 510 52
Y 35 86 76 143 118 458 57
Z 133 21 35 42 11 242 22
B 210 44 103 10 69 436 18
C 173 94 39 36 69 411 26
D 31 102 11 42 12 198 27

Table 2. Phase durations and on-site time of
logistic software development projects

5. Conclusion and further work

The software lifecycle of a control computerfor au-
tomatic logistic systemshas beencharacterizedand test
andinstallationphaseshave beenfoundto contributelarge
amountsto the total projectcosts. By connectinga logis-
tic environmentsimulationmodel to the control computer
underdevelopment,significantimprovementsareexpected.
TheWATIS2 framework, its architectureandprocessmodel
for theefficientandflexible generationof accurateapplica-
tion modelshasbeenpresented.Experimentalapplication
in anindustrialsoftwaredevelopmentenvironmentsuggest
a high modelreuseof greaterthan90 %, resultingin very
efficient modelgeneration.Impactson thebaselineproject
developmentinclude a significant reductionof expensive
on-sitestaysdueto earlier, environmentsimulationenabled
testingandbettersoftwarequality. In thisway, theoverhead
of modelgenerationis economicallyjustifiedaswell.

Furtherwork will dealwith theextensionof theWATIS2

componentlibrary, a graphicalmodelbuilding tool, andre-
finementandextensionof metricacquisitionandpresenta-
tion tool developedin thecourseof this project.
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